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ABSTRACT 

We present observations of dwarf nova oscillations (DNOs), longer period dwarf nova 
oscillations (lpDNOs), and quasi-periodic oscillations (QPOs) in 13 cataclysmic vari- 
able stars (CVs). In the six systems WW Cet, BP CrA, BR Lup, HP Nor, AG Hya, 
and VI 193 Ori, rapid, quasi-coherent oscillations are detected for the first time. For 
the remainder of the systems discussed we have observed more classes of oscillations, 
in addition to the rapid oscillations they were already known to display, or previously 
unknown aspects of the behaviour of oscillations. The period of a QPO in RU Peg 
is seen to change by 84% over ten nights of the decline from outburst — the largest 
evolution of a QPO period observed to date. A period-luminosity relation similar to 
the relation that has long been known to apply to DNOs is found for lpDNOs in X 
Leo; this is the first clear case of lpDNO frequency scaling with accretion luminosity. 
WX Hyi and V893 Sco are added to the small list of dwarf novae that have shown 
oscillations in quiescence. 

Key words: accretion, accretion discs - stars: dwarf novae - novae, cataclysmic 
variables - stars: oscillations. 



1 INTRODUCTION 

Cataclysmic variable stars (CVs) vary in brightness on time 
scales from seconds to millions of years; the variability 
ranges in coherence from highly stable orbital and white 
dwarf spin cycles to aperiodic flickering. A frequently ob- 
served property of CVs that has proved to be one of the 
most difficult to explain satisfactorily is the quasi-coherent 
variability seen on time scales of seconds to tens of min- 
utes. Dwarf nova oscillations (DNOs) and quasi-periodic 
oscillations (QPOs) were discovered a few de cades ago 
JWarner fc Robinsonlli972l ; iPatterson et alJll977lh More re- 
cently, Warner, Woudt & Pretorius (2003, hereafter Pa- 
per III) introduced a third class — the longer period dwarf 
nova oscillations (lpDNOs). The phenomenology of DNOs, 
lpDNOs, and QPOs, together with models to describe them, 
are reviewed by Warner (2004, hereafter W04). Amongst 
the most important characteristics of DNOs are the period- 
luminosity relation (DNO frequency scales with accretion 
luminosity) and the time scales (typical DNO periods are 
Pdno ~ 10 s). The periods of normal QPOs (Pqpo) are 
longer, and the relation Pqpo ~ 16 x Pdno holds for DNOs 
and QPOs in a given system. The period of an lpDNO 
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(Pi p dno) is typically midway between Pdno and Pqpo in 
that system, i.e. Pi p dno ~ 4 x Pdno ~ 1/4 x Pqpo - Rapid 
oscillations are almost exclusively associated with CVs in 
states of high mass transfer rate (M), and are usually not 
observed in quiescent dwarf novae. W04 also pointed out 
that some systems have QPOs at two separate time scales: 
QPOs with periods ~ 1 000 s are seen in addition to QPOs 
that follow the relation Pqpo ~ 16 x Pdno- We will refer 
to the second group of QPOs as kilosecond QPOs. 

Since rapid, quasi-coherent oscillations occur in a large 
fraction of CVs, the physical mechanisms producing DNOs, 
lpDNOs, and QPOs are likely to be of quite general signif- 
icance to accretion disc physics. Judging by the time scale 
and coherence of these oscillations, DNOs and lpDNOs most 
likely originate in the inner disc or on the white dwarf itself, 
while the accretion disc must be the source of the QPOs. 
The most viable model of DNOs and lpDNOs ascribes them 
to the interaction of a weak white dwarf magnetic field with 
the inner accretion flow (a detailed description of t his model 
for DNOs may be found in IWarner fc Woudtl2 002. hereafter 
Paper II). The rapid oscillations therefore deserve attention 
not only because they are a common property of disc-fed 
accretion in CVs, but also because they probably hold di- 
agnostic potential in the study of the accretion process and 
the interaction between discs and magnetic fields. 

The discovery of a correlation between the ratio of time 
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scales of the oscillations in CVs and those in low-mass X- 
ray binaries (LMXBs) has further renewed interest in DNOs 
and Q POs (Woudt fc Warner 2002, hereafter Paper I; Pa- 
per II; iMauchc 2002J; Paper III). Accretion processes are 
more readily studied in CVs than in LMXBs — observations 
of the oscillations in CVs can be obtained with modest-sized 
ground based telescopes, and may provide insight also into 
the QPOs found in LMXBs. 

This is the fifth in a series of papers on rapid, quasi- 
coherent oscillations in CVs; we present more observations 
of these oscillations in the next four sections, and discuss 
the results in Section El A mor e comp lete account of this 
work may be found in IPretoriusI i2004h . 



2452886.603, and increases again at HJD 2452886.643. These 
changes in period are not accompanied by any remarkable 
changes in system luminosity (see Fig. or oscillation am- 
plitude (see the right most upper panel of Fig. |5J. There 
does not appear to be any obvious correlation between the 
phase and amplitude behaviour of the DNO and lpDNO. 
The classification of the ~100 s oscillation as an lpDNO, 
rather than a QPO is based on its period being around 4 
times that of the DNO period (Pi p dno I Pdno = 4.27). 

There is a sharp spike in the Fourier transform at 
3.802 mHz (263 s), at larger amplitude than the surrounding 
noise. The spike is probably caused by a QPO, but the mod- 
ulation responsible for it is not obvious in the light curve. 



2 OBSERVATIONS 

We obtained high speed photometry of CVs at the Suther- 
land site of the South African Astronomical Observatory 
using the 30-, 40-, and 74-in. telescopes and the University 
of Cape Town charge-coupled device photometer (the UCT 
CCD), a frame-transfer CCD dO'Donoghuelll995l describes 
the instrument). Table gives a log the observations dis- 
cussed here; for the most part only observations that lead to 
the detection of oscillations are listed. In almost all cases the 
observations were made in white light; with the UCT CCD 
this gives photometry with an effective wavelength similar to 
Johnson V, but with a very broad bandpass. This, together 
with the non-standard flux distribution of CVs, means that 
magnitude calibration (achieved by observing hot subdwarf 
and white dwarf standard stars) and extinction corrections 
are only approximate (accurate to » 0.1 mag). 

We have focused our observational effort on systems 
with high M, i.e. nova-like variables and dwarf novae in out- 
burst, but have also observed a few quiescent dwarf novae. 

3 SYSTEMS WITH NO PREVIOUS 
DETECTIONS OF OSCILLATIONS 

3.1 WW Cet 

There is some un certainty as to what type of dwarf n ova 
WW Cet is (e.g. IWarnerlll987d: iRingwald et al.lll996ft : it 
has an orbital period (P or b) of 4.219 h, a mean quiescent V 
magnitude of 13.9 (but can g et as faint as 15.7 ma g) and 
reaches 9.3 mag in outburst dRingwald et alJll996Tl . WW 
Cet was observed during two outbursts and, on one occa- 
sion, in quiescence; rapid oscillations were detected on only 
one night. Fig. is the light curve for run S7082, which 
shows WW Cet fading from outburst at an average rate of 
0.029 mag/h. 

Peaks at ~0.0097 Hz (corresponding to 103 s) and 
~0.043 Hz (23.1 s) in the Fourier transform of this light 
curve (left hand panel of Fig. |2J indicate the presence of 
an lpDNO and DNO. Both the DNO and lpDNO peaks 
contain some noisy structure. Amplitude and O — C phase 
diagrams show this to be caused by changing periods and 
amplitudes — see the right hand side of Fig. [5] Pdno shows 
the usual increase with decreasing accretion luminosity, 
while the DNO amplitude varies erratically. The lpDNO pe- 
riod does not change systematically during the observation, 
rather, it changes abruptly from ~104 s to ~98.6 s at HJD 



3.2 BP CrA 

BP CrA is a Z Cam type dwarf nova with visual magnitude 
varying betwee n 15.9 and 13.5 , and an outburst recurrence 
time of 13.5 d (lBatesonlll982al .b) : there is no orbital period 
known for this object. 

Observations of BP CrA made during outburst on 4 
April 2003 (run S6912) contained a strong DNO. The sys- 
tem was subsequently observed on nine more nights, but the 
DNO was never detected again. Fig. [3] displays the Fourier 
transform of run S6912, which shows that the DNO period 
is 38.64 s; the amplitude (refined by applying a non-linear 
least squares fit) is 5.8 mmag. Also shown in Fig. [3] is the 
O — C phase diagram of the DNO, which shows variability 
typical of a DNO, with the period initially longer than the 
test period of 38.64 s (indicated by O — C sharply increasing 
with time), and then, at around HJD 2452734.575, changing 
to be more consistent with the test period. 

Since there is no high speed photometry of BP CrA 
published, we display a number of light curves in Fig. 0] 
The data set did not reveal the orbital period. 



3.3 BR Lup 

BR Lup is an SU UMa type dwarf nova llO'Donoghuell987f). 
with an orbital period of (probab ly) 1.909 h lo^Dono^huel 
ll987tlMennickent fc Sterkenlll998l) . 

Fig-Elshows the light curves of run S6911 (taken on the 
rise to supermaximum) and S6914. A DNO was detected 
in run S6911; the left hand panel of Fig. HJis the Fourier 
transform of the first 1.3 h of this light curve, with the DNO 
at 21.65 s. The Fourier transform of the central third of run 
S6914 (right hand panel of Fig. [SJ shows the presence of 
a modulation at 25.04 s; since the system was brighter on 
this night than during run S6911, one would expect Pdno 
to have decreased. However, the 25.04 s signal in S6914 is 
accompanied by a spike (only just visible above the noise) 
at the first harmonic (12.55 s). A non-sinusoidal profile is 
characteristic of a DN O reprocessed off a QPO structure 
jMarsh fc Hornelll998l: Paper II), but no QPO was seen in 
either of these light curves. Note that, depending on the 
geometry, it is possible to see the reprocessed DNO, without 
the QPO itself being visible. Run S7015, taken during a 
different outburst, contains a QPO with a period near 650 s, 
Fig.|7|shows the light curve at 21 s time resolution; the QPO 
is clearly visible. 
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Table 1. Log of the observations. The average magnitude for each run is listed in the final column. 



Object 


Run no. 


Date at the start 
of the night 


First integration 
HJD = 2450000.0+ 


Length (h) 


Unt (s) 


Telescope 


V (mag) 


WW Cet 

vv vv vcu 


S7082 


3 Sent 2003 


288fi "15197 


2.78 


5 


40-in. 


11.8 


BP CrA 


S6912 


4 A nr 9003 


9734 ^4^4 


2.73 




30-in. 


14.3: 




S7025 


25 Till 20(13 


284fi 3 c t33 c ) 


2.55 


5, 6 


40-in. 


13.8 




S7029 


9fi Tul 9003 

ZU J HI. iUUO 


9847 9701 7 


2.78 




40-in. 


13.7 




S7035 


98 Tul 9003 

ZO u Ul. iUUO 


984Q 31 49fi 

Z Ortiz. U -LrfcZU 


1.92 


5 


40-in. 


13.8 




S7161 


1 Q Cirt 9003 


9Q39 9379Q 


2.23 


5, 6 


40-in. 


14.0 


J_J.LV, i_J U.JJ 


S6911 


A Arvr 9003 


9734 41 1 QQ 

Z f Url.Ti-L ± yy 


3.37 


(y 


30-in. 


14.5 




S6914 


7 Anr 9003 


9737 491 94 


2.62 


(y 


30-in. 


14.3 




<^701 ^ 


99 Tul 9003 


9843 909Q0 
zo'io. zuzyu 


^ 98 
O.zO 


7 8 


40-in 


1^7 


HP Nor 


S6837 


^ Mar 9003 

lVJ.aJ_ ■ AUUO 


9704 4fi1 8fi 

Z ( Url.rtUJ-OU 


4.23 


(y 


30-in. 


14.0 




S7028 


9fi Tul 9003 

ZU J HI. LUUJ 


9847 90973 

ZOrt ( .^Ui i O 


1.48 


(y 


40-in. 


13.1 


A CI TTva 


S6907 


Q A nr 900 3 


9733 9Q331 


4.12 


Q 


30-in. 


14.7: 


VI 1 Q3 Ori 


S6648 


9^ N(w 9009 


9r»04 41 708 


1.38 


A 8 


40-in. 


14.0 




QUUOZ 


9fi Nmr 9009 


9(^0^ ^043^ 


2.70 




40-in. 


14.0 




QUUOU 


98 Mm; 9009 


9^07 407 c ifi 

ZUU ( .'iU 1 tJU 


5.15 




40-in. 


14.0 






9Q N(w 9009 


9r»08 4r»^rt3 


3.47 


5, 6 


40-in. 


13.8 




^r»firt3 
ouuuo 


30 Nrw 9009 


9fiOQ 470^3 


2.02 




40-in. 


14.0 




ouuuo 




9fi1 40801 


3.12 


5 


40-in. 


13.9 




S6675 


1 7 Dnr 9009 


9fi9fi ^4fi30 

ZUZiU.U'iUOU 


1.32 




40-in. 


14.8 






23 Dec 2002 


2639 321 2Q 

Zf UvJ Zj • O Z XZtV 


4.30 


5 


40-in. 


13.9 




S6692 


94 T)or 9009 

ZiTt -L/ci^. ZUUZ 


9(S33 48R4R 


2.95 


4 ^ 


74- in. 


14.0 




S6694 


25 Dec 2002 


2fi34 32814 


4.95 


4 5 


74- in. 


14.0 




OUUfU 


9fi Dpp 9009 

ZU J-ZcVj. ZUUZ 


9(^3^ 480Q4 


2.85 


5 


74- in. 


14.0 




ouuyo 


97 Dor 9009 

Z 1 J_/Uij. ZUUZ 


9fi3fi 33^09 


3.55 


5 


74- in. 


14.0 


RTT Ppff 


S7009 


1 fi Tul 9003 

_1_U J HI. iUUO 


9837 ^3933 

ZOO i .UOzOO 


4.52 


5 4 2 


40-in. 


9,0° 




S7010 


18 Tul 2003 

1U O HI. ZLJUtJ 


983Q ^fiO 1 ^ 


3.17 


5 4 


40-in. 


9.2° 




S7011 


1Q Tul 9003 

A-7J HI. ZUUO 


9840 ^371 7 


3.93 


5 4 3. 1 


40-in. 


9.4 a 




S7012 


20 Tul 2003 

ZU U HI. iUWU 


9841 c )30 c > l: ) 


3.87 


5 4 2 


40-in. 


9.5 a 




S7013 


21 Tul 2003 

Z± J HI. iiUUU 


2842 ^3382 


1.88 


4 


40-in. 


9.7 a 




S7016 


22 Tul 2003 

ZZ HI. ZLJUtJ 


2843 4358R 


4.13 


5 4 


40-in. 


9.8 a 




S7021 


93 Tul 9003 

ZU J HI. LUUJ 


9844 ^3049 


4.02 


6 5 


40-in. 


10. l a 




S7026 


9^ Tul 9003 

ZU J HI. ZUUU 


984fi 4fifi00 

ZO t ±U. i ±UUUU 


1.72 


4 


40-in. 


10. 7 a 


HX Peg 


S7162 


1 Q Orf 9003 

_1_ y vjl^li. ZUUO 


9Q39 341 89 


3.68 


5 


40-in. 


14.8 


v tzu wpii 




1 8 A/Ta^r 9003 


9778 4QQ3^ 


1 ^7 


u 


40-in 


12 1 


VI 1 Ori 

v J. iuy wi i 


S6649 


9^ Nrw 9009 


9fi04 4841 3 

LUU4.10 11 ■) 


3.07 


4 5 


40-in. 


12.9 




S6784 


91 Tnh 9003 

Z _L J_l_,U. LUUJ 


9fiQ9 9 c »fi c 19 


0.88 


5 


40-in. 


12.9 


X Leo 


S6742 


5 Feh 2003 


2fi7fi 37284 


0.78 


5 


40-in. 


14.0 




S6921 


1 4 A/Tfiv 9003 


9774 1 QQ07 
z / 1 1. j. yyu I 


1.28 


5 


40-in. 


12.9 




S6923 


14 May 2003 


2774.32065 


1.50 


5 


40-in. 


12.9 




S6927 


15 May 2003 


2775.19494 


4.17 


4, 5, 6 


40-in. 


13.2 




S6931 


17 May 2003 


2777.19303 


1.92 


5 


40-in. 


14.5 




S6932 


18 May 2003 


2778.19122 


2.80 


7 


40-in. 


14.9 




S7293 


16 Mar. 2004 


3081.24386 


1.45 


5 


40-in. 


12.7 




S7295 


17 Mar. 2004 


3082.24245 


5.58 


5, 6 


40-in. 


13.2 




S7297 


19 Mar. 2004 


3083.24244 


3.68 


6 


40-in. 


14.9 


V893 Sco 


S6942 


19 May 2003 


2779.47549 


1.02 


6 


40-in. 


13.0 6 : 




S6945 


20 May 2003 


2780.41393 


5.98 


7 


30-in. 


13.9 fa 




S6949 


21 May 2003 


2781.39698 


3.95 


7 


30-in. 


15. l b 




S6953 


23 May 2003 


2783.38547 


2.97 


6 


30-in. 


14.0 6 


WX Hyi 


S6463 


10 Jul. 2002 


2466.48583 


3.30 


6 


30-in. 


15.0 




S7192 


24 Dec. 2003 


2998.32532 


1.62 


5 


40-in. 


14.6 


Notes: ti n t 


is the intej 


'ration time; ':' denotes an uncertain value; 


a U magnitude; b average 


magnitude outside of 



eclipse. 

3.4 HP Nor detected in HP Nor, but in separate outbursts 1 . Fig. dis- 

plays Fourier transforms of parts of the light curves of run 
S6837 and S7028, showing a DNO and an lpDNO respec- 
tively. The DNO has a best-fit period of 18.58 s, and am- 

HP Nor is a Z Cam star l|Vogt, fc Batesonlll98^ with a max- 
imum brightness of V = 12.6, and minimum of V = 16.4 

jBruch fc Engellll994h . Both a DNO and an lpDNO were 1 The 35.2 s DNO period listed in W04 is incorrect. 
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plitude of 1.9 mmag; it persisted at detectable amplitude 
for the entire run. The lpDNO appeared only briefly; in the 
~0.76 h section of data where it was most prominent, it has 
a period of 74.01 s, and an amplitude of 2.0 mmag. We dis- 
play our longest light curve of HP Nor (run S6837) as Fig. 
|U] since there is no high speed photometry of this system in 
the literature. 

3.5 AG Hya 

Very little is known about AG H ya; it is classified as a U 
Gem star tVogt fc Batesor]ll982l) . and has been observed 
to vary in the range V = 19.2 to V = 13.8 <Szkodvlll987l 
lEchevarria et all I1993T) . No high speed photometry of AG 
Hya has been reported, and the orbital period is not known. 

We collected a total of 13 h of observations of this sys- 
tem; one of our runs contains a QPO with a period of 683 s, 
as well as a 21.55 s DNO. Fig. 1101 shows the light curve, 
in which the QPO is quite clear, together with the Fourier 
transform of a ~0.9 h section of the data. The DNO am- 
plitude is sufficiently large for it to appear above the noise 
only in this short section of data, and it was never observed 
again. The low amplitude and brief presence make a more 
detailed investigation of the DNO impossible. 

3.6 V1193 Ori 

VI 193 Ori was discove red as a rapidly varying blue star by 
lHamuv fc Mazal ill 9861). and class i fied a s a UX UMa type 
nova- like variable by IrBond et al.l (ll987Tl : t he spectroscopi- 
cally determined orbital period is 3.96 h iRingwald et alJ 
Il994l) . What appears to be rapid, large amplitude flicker- 
ing is evident in every published light curve of this object 
jBond et alJll987t IWarner fc Natherlll98sl: iPapadaki et alJ 
l2004T) ~Our light curves of VI 193 Ori are dominated by kilo- 
second QPOs, rat her than flickering, altho ugh they look very 
simila r to those of lBond et alJ (Il987f> and lWarner fc Nather] 
(1988). Despite a period that changes from night to night, 
the QPO stands out in the Fourier transform of the first six 
runs combined (see the left hand panel of Fig. lllP . which im- 
plies unusually large coherence. The average Fourier trans- 
form of all the observations of VI 193 Ori shows power in ex- 
cess of red noise at frequencies between 0.580 mHz (1720 s) 
and 1.54 mHz (649 s); this is displayed in the right hand 
panel of Fig. 



4 PREVIOUSLY STUDIED SYSTEMS 

The CVs discussed in this section are already known to pos- 
sess rapid oscillations; we highlight only those of our obser- 
vations that reveal new aspects of the phenomenology, or 
additional classes of oscillations. 

4.1 RU Peg 

RU Peg is a U Gem type dwarf nova with outbursts of about 
3 mag r ecurring ever y 75-85 d and has an orbital period of 
8.990 h iStoverlll98ih. This is the CV in which QPOs were 
first recognised. lPatterson et alJ il977fl found a QPO with 
a period near 50 s present at the same time as a signal at 
~12 s. The 12 s signal was detected on four nights and was 



believed to be a DNO; it was suggested in Paper III that the 
12 s signal seen in RU Peg might have been a beat between a 
DNO at 2.97 s and the 4 s integration time used by Patterson 
et al. 

In an attempt to find out if RU Peg indeed has DNOs 
at very short periods, we observed the July 2003 outburst. 
Although we detected oscillations at 13.94 s and 15.03 s 
in run S7010 and S7012 respectively, we failed to discern 
whether these were caused by DNOs at shorter periods. In 
both instances we changed the integration time as soon as 
we found a clear signal, but the oscillations did not persist 
for long enough to determine whether the periods changed 
when the integration time was adjusted. Fig. 1121 illustrates 
the oscillation in S7012. 

The lowest frequency signals that could beat with the 
integration time to produce the peak seen in run S7010 are 
at 3.68 s and 7.80 s. For run S7012 these aliases have periods 
of 3.16 s and 5.45 s. It seems very unlikely that higher fre- 
quency DNOs would produce signals below the Nyquist fre- 
quency at large enough amplitude to be detected. Note e.g. 
that if a DNO was present in S7012 at 2.31 s (the alias cor- 
responding to 2 1 ti n t — 1/15.03 s, where tint is the integration 
time) the observed amplitude would be a factor of (sin x) /x 
smaller than the true amplitude, where x = nti n t/ Pdno ■ 
The observed amplitude was, for a while, at least as large 
as 3 mmag (see Fig. 1121 . This would imply, if the observed 
signal was a beat, that the true amplitude was greater than 
22 mmag. DNOs at such large amplitud e are rare, but not 
unheard of (see e.g. IWarner et al.lll989t Paper I). Still, the 
amplitudes of the ~14 and ~15 s oscillations are typical of 
DNOs or lpDNOs whereas that of the 12 s signal seen by 
Patterson et al. was unusually low. A further constraint is 
that, since the observations were made on the decline from 
outburst, the DNO period should be longer in S7012 than 
in S7010. This leaves the possibility of a DNO at 3.68 s in 
S7010 and at 5.45 s in S7012. 

Arguing that Pqpo / PipDNO ~ 4 one could conclude, 
for Pqpo ~ 50 s, that the 12, 14 and 15 s signals are all 
lpDNOs (Paper III). This argument fails for the QPO pe- 
riods observed later in the outburst. Assuming that the 14 
and 15 s periods are not beats with DNOs above the Nyquist 
frequency, the period changed by more than 7% while the 
system faded by 0.32 mag in U. This period change is quite 
normal for a DNO, but the period of an lpDNOs is usually 
less sensitively dependent on luminosity (of course, lpDNOs 
are not yet a very well studied phenomenon; furthermore, 
in Section [4.51 we present an example of a system in which 
PipDNO does depend sensitively on luminosity). It is also 
possible that, e.g., the observed period in S7010 was a beat 
between a higher frequency signal and the integration time, 
while that in S7012 was the true oscillation period. We ten- 
tatively classify the 14 and 15 s signals as lpDNOs. 

QPOs were detected in most of the observations we ob- 
tained of RU Peg, and showed a large period evolution over 
the decay to quiescence. Table lists the average QPO pe- 
riod, as well as the best-fit amplitude, for every night on 
which QPOs were present. An example of a light curve of 
RU Peg with an obvious QPO is given in Fig. 1131 some of the 
Fourier transforms are shown in Fig. 1141 By 26 July 2003 RU 
Peg was still above quiescent brightness but only flickering. 
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Table 2. The average nightly U magnitude, together with QPO 
period and amplitude measured in RU Peg. 



Run no. 


U (mag) 


Pqpo (s) 


Amplitude (mmag) 


S7009 


9.0 


~56 


2.1 


S7010 


9.2 


~61 


2.2 


S7011 


9.4 


149 


3.1 


S7013 


9.7 


186 


4.8 


S7016 


9.8 


257 


3.5 


S7021 


10.1 


223 


5.6 


S7026 


10.7 


360 


15.4 



4.2 HX Peg 

HX Peg is a Z Cam type dwarf nova with V magnitude 
varying in the range 16.6 to 12.9, outbursts recurring every 
14 to 2 1 d llHo nevcutt et al Jll"998f) . and an orbital period of 
4.82 h jRingwaldlll994lh 

We observed the system frequently during the 2002 and 
2003 seasons, and detected the full set of kilosecond QPOs, 
QPOs, lpDNOs, and DNOs (see Paper III). One light curve 
is of particular interest: run S7162 taken on the decline from 
outburst is the only example of the coexistence of a normal 
QPO and a kilosecond QPO (see Fig. US). The normal QPO 
here is at 347 s, while the much more noticeable kilosecond 
QPO has a period of 746 s. 



4.3 V426 Oph 

V426 Oph is a Z Cam star with visual magnitude rang- 
ing from 10.9 to 13.4, an outbur st cycle of abo u t 22 d, 
and a n orbital period of 6.847 h l)Hessmanlll988T ). ISzkodvl 
(1986) detected a 1 h period in an EXOSAT X-ray obser- 
vation, and proposed that this is the white dwarf spin pe- 
riod, and therefore that V 426 Oph is an inte r media te polar. 
iNorton fc Watsonl ll98Sf) and IHellier et all dl99d) reanal- 
ysed the EXOSAT data, and found that the 1 h period was, 
in fact, not statistically significant. Furthermore, i n the ir op- 
tical photometry and spectroscopy, IHellier et alJ dl990l) find 
no evidence to suggest th at V426 Oph is an intermediate po- 
lar. ISzkodv et, alJ fl990l) report the presence of a ~28 min. 
QPO in Ginga data of this system, but a glance at their 
Fourier transforms (fig. 7) shows that any power present 
near 0.0006 Hz is no different from the red noise expected 
from random flick ering. The latest add ition to the confusion 
is the detection bv lHomer et alJ J2004t) of a 4.2 h modulation 
and its first harmonic in Ch andra observations of V426 Oph; 
they also reanalyse d Ginga dSzkodv et alll990]) and ROSAT 
dRosen et alJll994l) data taken in 1988, and show that these 
data are just compatible with the 4.2 h or 2.1 h periods, 
but certainly do not demonstrate that "...the 4.2 h period 
or its harmonic are stabl e and persistent in X-ray /optical 
data from 1988 to 2003." . iHomer et alJ l)2004h propose that 
the 4.2 h period may be identified with the rotation of the 
white dwarf, but point out that this interpretation is physi- 
cally unreasonable. 

We obtained high speed optical photometry of V426 
Oph on eight nights in 2003. No single observation was long 
compared to any of the profusion of periods reported for this 
system, and no sign of any persistent period was found in the 
data set. The only modulation to surface above the flickering 



was a signal at ~73 s in run S6935, taken on 18 May 2003 
(see Table0. Fie. ll6l shows the relevant light curve. A few of 
the most prominent cycles of the 73 s oscillation are directly 
visible, but the the Fourier transform (left hand panel of Fig. 
I17H makes the signal more evident. Also displayed in Fig. 1171 
is the amplitude and phase variability of this modulation. 
The O — C diagram shows that the 73 s oscillation has fairly 
high coherence, but is not strictly periodic (note that in this 
diagram only every third point is independent); from the 
amplitude diagram can be seen that the oscillation reached 
amplitudes as large as 10 mmag. 

For the moment we classify the 73 s oscillation as a 
DNO; the detection of a shorter period in V426 Oph may in 
the future change this. Until a similar time scale is observed 
in V426 Oph, one cannot have absolute confidence in the 
reality of the DNO. However, should the oscillation (and 
its quasi-periodic nature) be confirmed, the favoured model 
for DNOs (and lpDNOs) excludes V426 Oph from being an 
intermediate polar. 



4.4 V1159 Ori 

There is a group of SU UMa stars with unusually 
short recurrence times of normal and superoutbursts, 
sometimes referred to as ER UMa s t ars. V1159 Ori 
is su ch a system llNogami et al.l Il995t iRobertson et alJ 
Il995h it has a ^4 d recurrence per iod for normal out- 
bursts djfdolonski^^jieshnskjl ^992), a ~45 d super- 
cvcle (IRobertson et alJ Il995l). and P orb = 1.49227 h 



dJablonski fc Cieslinskilll992l : iThorstensen et alJll997fi . The 

m ost comprehensiv e photo metric study of this system is that 
bv lPatterson et all il995l) : they detected DNOs with a pe- 
riod evolving from 29 s to 34 s over 7 nights of the decline 
from superoutburst. 

We detected rapid oscillations in V1159 Ori on 25 
November (run S6649), during a superoutburst. The left 
hand panel of Fig. 1181 displays part of this light curve. The 
Fourier transform (right hand panel of Fig. ll8ll shows a DNO 
at 32.28 s with an average amplitude of 1.2 mmag; this re- 
ally adds nothing to what was known from the work by 
iPatterson et alJ (Il995l) . More interesting is the probable de- 
tection of an lpDNO. A spike at 177.0 s shows above the 
red noise, this signal is at 5.483 x Pdno, and is probably an 
lpDNO. 



4.5 X Leo 

X Leo is a U Gem star with P or b = 3.946 h 
dShafter fc Harknessl ll986Tl . a quiescent V magnitude of 
~16.5, an d outbursts of amplitude ~4 mag roughly ev- 
ery 20 d dSzkodv fc Matteilll984l) . iMiddleditch fc Cordova! 
( 1982) report a quasi-coherent oscillation at 160 s in an out- 
burst light curve of X Leo, and note that the oscillation is 
red compared to the disc. 

We found that X Leo has commonly occurring lpDNOs 
with periods of the order of 100 s; these can in all cases 
be seen directly in the light curves; Fig. 1191 shows three ex- 
amples. X Leo is the first CV to show, for an lpDNO, a 
clear period-luminosity relation; all other observations of 
lpDNOs seem to indicate that Pi v dno has either no, or 
only very weak dependence on M. This relation is plotted 
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in Fig. |20I for the May 2003, and March 2004 outbursts, 
with the single point for February 2003 added. In other sys- 
tems, lpDNOs have been observed to double in frequency, 
but that is clearly not the case here. The dashed and dot- 
ted lines in Fig 1201 are least squares fits to the May 2003 
and March 2004 period-luminosity functions respectively. 
These give s = d\og(Pi P DNo/s)/dlog(I /I mi „) = —0.29 for 
the May 2003 outburst, and s = -0.11 for the March 2004 
outburst. Despite the factor of almost 3 difference between 
the gradients of the period-luminosity relation in the two 
outbursts, s in bo th cases falls within the range measured 
for DNOs (see e.g. IWarnerlll995l) . 

In addition to the lpDNOs, the light curves taken on 14 
and 19 March 2004 contained DNOs. In the first of these, the 
DNO was present at a detectable (but very low) amplitude 
for only about 35 min.; the period was 12.9 s. The 19 March 
2004 light curve, on the other hand, is one of the clearest 
examples of a simultaneously present DNO and lpDNO. A 
Fourier transform of part of this run is shown as the left hand 
panel of Fig. 1211 The amplitude and O — C diagrams for the 
oscillations (right hand side of Fig. 12 1 1 show no correlation 
between the amplitude and phase variability of the DNO 
and lpDNO. 

Run S6932 contains a modulation on a preferred time 
scale of around 25 min., and of fairly large amplitude. This 
kind of variability was only observed once, and it is therefore 
not clear whether it is a QPO. 

5 OSCILLATIONS IN QUIESCENT SYSTEMS 

5.1 V893 Sco 

Only very few dwarf novae below the period gap are not 
well credentialed SU U Ma stars, V893 S co is the best stud- 
ied of these 2 (see e.g. iKato et alJl2002T) . It is an eclipsing 
dwar f nova with an orbital period of 1.823 h feruch et alJ 
2000), and outbursts every ~30 d wh ich takes it from a pho- 
tographic magnitude of 14.5 to 10.6 iKato et al.l l2002'l. 

V893 Sco ha s been observed to have QPOs at around 
350 s (Paper III; iBruch et al.l l2000l) . and DNOs at 25.2 s 
(Paper III). 

We observed this system in May 2003 on the decline 
from outburst, and into quiescence; surprisingly, it was again 
above minimum only two days after reaching quiescence (see 
Tabled for details). No rapid oscillations were found in any 
of the outburst light curves, but run S6949, taken at min- 
imum, contains a DNO with a period of 41.76 s — a rare 
example of a DNO in quiescence. Fig. l22l shows the relevant 
light curve, together with a Fourier transform of a shorter 
section of the light curve. The DNO was present for only 
0.9 h, and the signal-to-noise is too low to enable a more 
thorough investigation of its behaviour. 

5.2 WX Hyi 

WX Hyi is an SU UMa type dwarf nova, its normal outbursts 
have average maxima of V = 12.7 mag and recur roughly 

2 V893 Sco is an ecliptic object, and hence unobservable for about 
two months every year, so that superoutbursts may have been 
overlooked. 



every 14 d; the average V magnitude at supermaximum is 
11.4, and the supercycle is about 195 d. The system's vi- 
sual magnitude varies in the range 15.0-14.2 at quie scence 
jBateson fc McIntoshll98rj) . ISchoembs fc Vogtl Jl98ll) spec- 
troscopically measured the orbital period to be 1.7955 h. 
QPOs at ~1140 s and, on a different occasio n, ~1560 s were 
observ ed during the decline from outburst bv lKuulkers et all 
lll99lf) : we have previously detected a 185 s QPO present at 
the same time as a DNO with a period of 19.4 s, while WX 
Hyi was at V = 14.5 (Paper III). 

Table 01ists two observations of WX Hyi in quiescence. 
Neither light curve contained DNOs, but QPOs where de- 
tected in both; they are displayed in Fig. 1231 This is only the 
second example of a QPO at quiescence. On both occasions 
the QPO period was near 190 s, which is similar to the 185 s 
QPO reported in Paper III. 

Note that for the three ~100 s QPOs the period lu- 
minosity relation has the same sense as that for DNOs, al- 
though this may not mean much, since they were not ob- 
served during the same outburst cycle. The QPOs illustrated 
in Fig. Ull and also the WX Hyi QPO shown in Paper III, 
keep remarkably good phase. 



6 DISCUSSION AND SUMMARY 

We have detected rapid, quasi-coherent oscillations in six 
CVs for the first time, and have observed new aspects of the 
phenomenology of oscillations in seven more systems. 

The QPOs in V1193 Ori show signs of an underlying 
periodic signal, and are similar to kilosecond QPOs seen in 
V442 Oph, RX J1643.7+3402, and several more SW Sex 
stars, which have been interpreted as a low coherence man- 
ifestation of the underlying stable rotation of a magnetic 
white dwarf dPatterson et all 12002^ . However, V1193 Ori 
shares none of the other characteristics of SW Sex stars. 

RU Peg displays QPO periods ranging smoothly over 
almost an order of magnitude; this may call into question 
the existence of two clearly separate sets of QPOs discussed 
by W04. In HX Peg, however, a QPO and kilosecond QPO 
have been detected simultaneously, implying that these are 
distinct phenomena. 

Many contradictory and confusing claims about peri- 
odic modulations in V426 Oph have been made. The de- 
tection of a DNO in this system casts further doubt on its 
status as an intermediate polar. 

An lpDNO in X Leo was found to follow a period- 
luminosity relation similar to what is observed for DNOs. 
Very little is presently known about lpDNOs; there are prob- 
ably many features of their phenomenology that have not yet 
surfaced. As soon as lpDNOs were identified they were found 
to be fairly common — although not as common as DNOs — 
and have up until the present been seen in about 24 CVs (in 
around one half of these systems the oscillations were at first 
reported as QPOs or DNOs). It is perhaps surprising that 
lpDNOs remained unrecognised for so long; however, there 
is nowhere in the earlier literature an amplitude spectrum 
that makes the existence of a third class of oscillations as 
clearly evident as e.g. the Fourier transform shown as fig. 3 
of W04. 

Detections of DNOs, QPOs, and lpDNOs in dwarf 
novae at minimum light are review in W04 (see also 
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IWarner fe Woudtl l2004Tl : to these can now be added a 
DNO in V893 Sco in quiescence, and QPOs in WX Hyi at 
minimum. Rapid oscillations are probably more commonly 
present in quiescent dwarf novae than is currently thought; 
it is certainly true that oscillations occur much more fre- 
quently in outburst than in quiescence, which means that 
they are not often looked for in quiescent light curves. For 
this reason, the observational record is at this point so heav- 
ily biased towards outbursting dwarf novae that it is impos- 
sible to make a secure estimate of the frequency with which 
oscillations occur in quiescence. 

In summary, we have presented 

(i) the first detection of rapid, quasi-coherent oscillations 
in WW Cet, BP CrA, BR Lup, HP Nor, AG Hya, and V1193 
Ori, 

(ii) the detection of additional classes of oscillations in 
V426 Oph, V1159 Ori, and X Leo, 

(iii) large evolution of a QPO period over 10 nights of the 
decline from outburst in RU Peg, 

(iv) observations of normal QPOs and kilosecond QPOs 
simultaneously present in HX Peg, 

(v) a period-luminosity relation for lpDNOs in X Leo, and 

(vi) the detection of oscillations in quiescence in the dwarf 
novae WX Hyi and V893 Sco. 
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Figure 1. Part of the light curve of WW Cet on 3 September 2003, when the system was on the decline from outburst. The data are 
corrected to first order for atmospheric extinction. 
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Figure 2. Left: The Fourier transform of the light curve shown in Fig. ^ An lpDNO at ~0.0097 Hz (103 s) is present at the same 
time as a DNO at ~0.043 Hz (23.1 s). The light curve was prewhitened to remove a telescope drive error at 40 sidereal seconds. Right: 
Amplitude and O — C variation of the DNO and lpDNO in run S7082. The DNO phase is calculated relative to a period of 23.08 s, that 
of the lpDNO relative to a period of 102.7 s. The DNO period increases systematically, while the lpDNO period changes quite abruptly 
at around HJD 2452886.603, and again at around HJD 2452886.643. 
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Figure 3. The Fourier transform of a light curve of BP Cra (run S6912; left hand panel), and O — C diagram of the DNO (right hand 
panel). The DNO period is 38.64 s (0.02588 Hz). The light curve was prewhitened to correct for the 30-in. telescope's drive error of 120 
sidereal seconds. The O — C values are calculated relative to a fixed period of 38.64 s, using about 8 cycles per point, and 50% overlap 
between consecutive points, so that every second point is independent. 
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Figure 4. Four light curves of BP CrA, arbitrarily displaced along the horizontal axis. The S7029, S7035, and S7161 light curves are 
shifted vertically by —0.07, —0.35, and —0.63 mag for display purposes. 
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Figure 5. Light curves of BR Lup on 4 and 7 April 2003. On 4 April (run S6911) the system was clearly still rising into supcroutburst. The 
7 April data (S6914) are translated along the horizontal axis by —3.0 d; no vertical shift was applied. The large amplitude modulations 
are superhumps. 
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Figure 6. The high frequency end of Fourier transforms of the two BR Lup light curves. Left: The first 1.3 h of run S6911, with a DNO 
at 21.65 s marked. Right: The central third of run S6914. Vertical bars mark peaks at 25.038 s and 12.548 s (12.548 s is within 0.231% 
of where the first harmonic of 25.038 s is). 
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Figure 7. The light curve of BR Lup on 22 July 2003 (run S7015) binned to a third of its original time resolution. These data show a 
QPO with a period of ~650 s. The light curve contains no higher frequency signals. 
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Figure 8. Left: The Fourier transform of the first 2.1 h of the light curve of HP Nor on 5 March 2003 (run S6837). The period determined 
from fitting a sine function to the DNO by non-linear least squares is 18.58 s. Right: The Fourier transform of a 0.76 h section of the 
light curve of HP Nor on 26 July 2003 (run S7028) showing an oscillation at 74.01 s, which we interpret as an lpDNO. The lpDNO was 
present only in this short section of data. 
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Figure 9. The light curve of HP Nor on 5 March 2003, corrected to first order for atmospheric extinction. The quality of photometry 
deteriorates towards the end of the run, despite decreasing airmass, because of worsening seeing. 
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Figure 10. Left: The light curve of AG Hya on 3 April 2003, after being corrected for atmospheric extinction. Around 20 cycles of a 
QPO with a period of 683 s are directly visible in this light curve. Right: The Fourier transform of a ~0.9 h section of the light curve on 
the left, the DNO is at 46.40 mHz (21.55 s). 
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Figure 11. Left: The Fourier transform of the first six runs on V1193 Ori (taken over seven nights; see Table HI combined. The data 
were prepared by subtracting a linear trend from each light curve individually before calculating the Fourier transform. The maximum 
amplitude is at 0.7834 mHz (1276 s). Right: The average Fourier transform of the whole V1193 Ori data set. The QPO appears as a 
hump of power at frequencies between 0.580 mHz (1720 s) and 1.54 mHz (649 s), superimposed on the smoothly rising red noise. 
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Figure 12. Left: The Fourier transform of a 58 min. section of obseravtions of RU Peg (run S7012; taken at 4 s time resolution) after 
a second order polynomial trend was removed. The DNO period is 15.30 s. There is no evidence of a QPO in these data. Right: The 
amplitude and O — C diagram of the DNO in run S7012 relative to a fixed period of 15.03 s using ~16 DNO cycles per point, and with 
67% overlap between consecutive points. A few points of very low amplitude are not shown. Notice that the amplitude is large for only 
about 12 min., and that it becomes very low towards the end of this part of the observation. 
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Figure 13. The first 107.5 min. of the light curve of RU Peg on 23 July (run S7021). Vertical bars along the top of the graph are equally 
spaced at 223.6 s intervals, which is the mean QPO period in this part of the data. Non-linear least squares gives a best-fit amplitude of 
5.649 mmag for this QPO. 
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Figure 14. Fourier transforms showing QPOs in RU Peg on four nights. The QPOs are much more coherent here than earlier in the 
outburst and appear as sharp peaks (or, in the case of S7016, a narrow band of power). 
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Figure 15. Left: The light curve of run S7162 on HX Peg, dominated by a kilosecond QPO with a mean period of 746 s and amplitude 
of 19.5 mmag. This light curve (binned to a quarter of its original time resolution) appeared as fig. 14 of W04. Right: The low frequency 
end of the Fourier transform of this light curve, showing, in addition to very large power at 1.34 mHz (746 s), the presence of a normal 
QPO at a period of 347 s (marked by a vertical bar at 2.88 mHz). The normal QPO, despite an amplitude of 8.78 mmag, is almost 
invisible in the light curve, because it is drowned out by the kilosecond QPO. 
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Figure 16. The light curve of V426 Oph on 18 May 2003 (run S6935), corrected to first order for atmospheric extinction. The rapid 
flickering disguises a quasi-coherent 73 s modulation — see Fig. 1171 
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Figure 17. Left: The Fourier transform of the light curve shown in Fig. 1161 the narrow spike at 0.01365 Hz (73.26 s) is interpreted as a 
DNO or lpDNO. Right: Amplitude and O — C phase diagrams of the 73 s modulation. Each point represents a non-linear least squares 
fit of a sine function with period 73.26 s to ~5 cycles of the modulation; there is 67% overlap between consecutive points. 
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Figure 18. Left: The light curve of a 2.3 h section of run S6649 on V1159 Ori, corrected to first order for atmospheric extinction. The 
large amplitude modulation is a superhump. Right: The Fourier transform of the light curve shown on the left. The DNO at 0.03097 Hz 
(32.28 s) and lpDNO at 0.00565 Hz (177 s) are indicated. 
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Figure 19. A sample of X Leo light curves in which some of the larger amplitude lpDNO cycles can easily be seen. The S6921 and S7295 
data are displaced vertically by +0.1 and +0.3 mag respectively, and all three light curves are arbitrarily shifted along the horizontal 
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Figure 20. log(7// m j n ) as a function of IpDNO period for the three different outbursts of X Leo. The dashed line is a least squares fit 
to the four points (squares) of the May 2003 outburst; the dotted line is a fit to the March 2004 data (crosses). A single point (triangle) 
represents the February 2003 outburst. 
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Figure 21. Left: The Fourier transform of an hour long section of the 19 March 2004 light curve of X Leo (run S7297), with DNO 
and IpDNO features marked. Right: Amplitude and O — C phase diagrams for the DNOs and lpDNOs in run S7297. The DNO phase is 
calculated relative to a fixed period of 24.21 s, and that of the IpDNO relative to a fixed period of 118.5 s. 
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Figure 22. Left: The light curve of V893 Sco on 21 May 2003 (run S6949), showing the system at quiescence. Right: The Fourier 
transform of a 0.9 h section of the light curve (starting just after the first eclipse). A DNO with a period of 41.76 s is indicated. 
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Figure 23. Sections of two WX Hyi light curves; slow variations were removed from both, and run S6463 is vertically shifted by +0.2 mag. 
The best-fit sine functions to the QPOs (for these sections) are over-plotted, the QPO periods arc 193.5 s and 190.2 s for run S6463, and 
S7192 respectively. 



